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DESCRIPTION OF THE HIGH -ENTHALPY ARC TUNNEL AT 
THE LANGLEY RESEARCH CENTER INCLUDING 
TEST-STREAM CONDITIONS AT SELECTED 
OPERATING POINTS 

By William L. Wells 
Langley Research Center 

SUMMARY 

The high-enthalpy arc tunnel at the Langley Research Center consists of a 
4-megawatt direct-current power supply, a 75 000-foot^ (2120-meter3) pump-down vac- 
uum system, a commercial long-axial-arc gas heater, a free-jet test section, and neces- 
sary high-pressure cooling-water and test-gas systems. Three supersonic conical noz- 
zle lengths are used to provide a wide range of test-stream parameters. The nozzle-exit 
radii are 1.00 inch (2.54 cm), 2.30 inches (5.84 cm), and 3.82 inches (9.70 cm). 

The arc gas heater was operated at chamber pressures from 1.2 to 3.3 atm 
(1 atm = 1.013 x 10^ N/m2) with corresponding air mass-flow rates from about 0.02 to 
0.08 lb/sec (9.07 to 36.3 g/sec). Stagnation pressures behind the normal shock mea- 
sured at the stream center line cover a range from about 0.03 to 0.72 atm and cold- wall 
heating rates range from about 200 to 903 Btu/ft^-sec (227 to 1025 W/cm2) on a 1-inch- 
diameter (2.54-cm) flat-faced probe. Calculated enthalpies based on these measure- 
ments range from about 10 000 to 13 000 Btu/lb (23.2 to 30.2 MJ/kg). 

In the two largest nozzles, measurements of heating rate and pressure across the 
test stream at three different distances from each nozzle exit indicate reasonably flat 
profiles across at least 60 percent of the stream. 

In all three nozzles, measurements were made of pressure and heating-rate distri- 
butions on a specific probe shape. Graphical comparisons show reasonably good agree- 
ment between the measured heating-rate distributions and theory and between the mea- 
sured pressure distributions and data from a tunnel where the flow is known to be smooth 
and uniform. 


INTRODUCTION 

A continuing effort is made at Langley Research Center to improve and expand the 
test conditions available in ground-based facilities for the simulation of aerodynamic 


forces and heating encountered during the entry of spacecraft into the earth’s atmosphere. 
Because the conditions of atmospheric entry vary so greatly with altitude and spacecraft 
velocity, a number of facilities are needed for simulation of the full range of these con- 
ditions. As a part of the effort to expand this simulation range, the high-enthalpy arc 
tunnel at the Langley Research Center was put into operation. The utility of a given tun- 
nel of this type can be increased by the use of several nozzles so that the amount of test- 
stream expansion can be varied. In this high-enthalpy arc tunnel, the conical nozzle is 
made in sections so that three nozzle-exit diameters are available. 

j 

This paper briefly describes the tunnel and also presents the results of measure- 
ments made to determine the size and uniformity of the test stream for three arc -heater 
operating conditions with air as the test gas. The measurements include surveys across 
the stream of stagnation-point pressure and heating rate on a probe and also the pressure ; 
and heating-rate distribution on a specific probe shape located at the nozzle center line. 
Measurements were made at various distances from each nozzle exit. Test-stream ■ 

parameters are also presented which were calculated assuming nonequilibrium flow in 
the nozzles. 

SYMBOLS 

The units used for the physical quantities defined in this paper are given both in the 
U.S. Customary Units and in the International System of Units (SI). Factors relating the 
two systems are given in reference 1. j 

A cross-sectional area of nozzle I 

j 

i 

c specific heat | 

t 

I 

H enthalpy j 

M Mach number j| 

Reynolds number 

pressure , 

heating rate j 

r radial distance from test-stream center line to probe location | 


N Re 

P 

q 
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R radius 

S distance from probe center line along probe surface 

t time 

T temperature 

V velocity 

x linear distance from the nozzle-exit plane along the test-stream axis 

\i viscosity 

p density 

t effective wall thickness of heat-transfer probe (ratio of volume to unit sur- 

face area) 

Subscripts: 

B probe body 

c corner 

CL center line 

E nozzle exit 

min nozzle minimum 

n probe nose 

t total or stagnation 

w conditions at the probe wall 

1 in the arc chamber 
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behind the normal shock 


00 free stream 


TUNNEL DESCRIPTION 

A sketch of the tunnel is shown in figure 1. Basically, the tunnel consists of a dc 
arc heater, conical nozzle, free-jet test section, straight-pipe diffuser, aftercooler, test- 
section-pressure control valve, and 75 000 feet^ (2120 meters3) of vacuum-sphere space. 
The test air is regulated from a compressed-air storage supply, and cooling water for 
the arc heater and aftercooler is supplied by a 300-psi (207-N/cm2) pump from a cooled 
reservoir. 


Arc Heater and Power Supply 

A cross-sectional view of the dc arc heater is shown in figure 2. It is a long-axial- 
arc heater which is similar to that described in reference 2. The rear electrode (anode) 
and front electrode (cathode) are tube shaped, made of copper, and water cooled. A small 
magnet coil is mounted over the rear electrode to rotate the arc attachment point within 
that electrode and thus avoid immediate burnout. The air or test gas is introduced tan- 
gentially into the center chamber through eight small (0.040-inch-diameter (0.102-cm)) 
orifices thereby creating vortex flow which rotates and stabilizes the arc within the front 
electrode. The front electrode includes the nozzle entrance, the 0.75-inch-diameter 
(1.91-cm) throat and part of the expansion section. A boron-nitride heat shield protects 
and insulates the part of the rear electrode which protrudes into the center chamber. 

Two pressure-measurement orifices are located in the heater walls, one in the center 
chamber and one in the rear end of the rear electrode. 

The dc power supply consists of lead-acid batteries connected to provide 1500 volts 
at open circuit and currents up to 3000 amperes. (During a run, the current decreases at 
the rate of about 3 percent per minute.) For a given tunnel operating condition, the cur- 
rent is regulated by water-cooled stainless-steel tube resistors added to the circuit. The 
magnet coil operates from a similar, but separate, power supply which has an open- 
circuit voltage of 125 volts. A schematic diagram of the power circuits is presented in 
figure 3. 


Test Section 

The test section, which is a steel box with dimensions of 24 x 24 x 38 inches 
(61.0 x 61.0 x 96.5 cm) and with three observation windows, encloses the nozzle- 
expansion sections, two model-insertion mechanisms, and a movable diffuser inlet. 
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(See figs. 1 and 4.) The 8° (0.14-radian) half-angle conical nozzle is made in three 
sections which provide exit radii of 3.82 inches (9.7 cm), 2.30 inches (5.84 cm), and 
1.00 inch (2.54 cm). (See figs. 5(a), 5(b), and 5(c).) The model-insertion mechanisms 
are the swing-in type and are operated by pneumatic cylinders. Both inserters can be 
manually moved along the axis of the test section to provide the proper location of the 
test model with respect to the desired nozzle exit. 

Test-Section-Pressure Control Valve 

The aftercooler is connected to the vacuum system through a 16-inch-diameter 
(40.6-cm) pipe. A remotely operated butterfly valve is located in this pipe to restrict 
the flow when higher test-section pressures are needed to match the free-stream exit 
pressures in the smaller nozzles. 


INSTRUMENTATION 

Currents and voltages were measured by using shunts and voltage dividers, respec- 
tively, which were located in the circuits as shown in figure 3. All pressures were mea- 
sured with strain-gage transducers, and all temperatures were measured with thermo- 
couples. Air mass-flow rates were measured with a sharp-edge-orifice meter. When a 
probe was to be inserted slowly for heating-rate-distribution measurements across the 
stream, a Wheatstone bridge with a slide-wire resistor was used to determine the loca- 
tion of the probe within the stream at any time. The slide wire was connected to the 
inserter and the circuit was calibrated before use. All of the above measurements were 
recorded continuously on an oscillograph recorder. For the thermocouples on the tran- 
sient heat-transfer probes, the oscillograph galvanometer elements had a response time 
of 0.926 msec. 


Steady-State Heat-Transfer Probe 

The steady-state heat-transfer probe is a commercially made 1 -inch-diameter 
(2.54-cm) flat-faced calorimeter. Since this calorimeter is water cooled, it can be kept 
in the test stream as long as desirable. A photograph of this probe is shown in fig- 
ure 6(a). When heat is applied, the calorimeter has a continuous millivolt output due to 
its construction which, basically, is a thermocouple consisting of a constantan-foil disk 
which is soldered at its perimeter to a water-cooled copper block. A copper lead wire is 
attached to the center of the foil disk and another one is attached to the copper block. A 
heat flux on the face of the calorimeter generates a heat flow radially from the center of 
the constantan disk to the cooled copper block and generates a millivolt output. The 
millivolt output is measured in the circuit formed by the copper wire, the constantan foil, 
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and the copper block. The hot junction is the wire-to-foil connection and the cold junc- 
tion is the foil-to-copper-block connection. The millivolt output is an indication of the 
heating rate. The probe was calibrated with a radiant heat source before use. The 
information necessary to determine the sensitivity and time constant for this type of 
calorimeter is given in reference 3. 

Transient Heat-Transfer Probe 

The transient heat-transfer probe is a 1 -inch-diameter (2.54-cm) flat-faced 
stainless-steel cylinder. A thermocouple is located on the back surface of the flat face 
at the probe center line. The measured wall thickness at the thermocouple is 0.075 inch 
(0.191 cm). (See fig. 6(b).) 


Pressure Rake 

The uncooled pressure rake provided a method of inserting several pressure probes 
into the test stream simultaneously for measurement of pressure distribution across the 
stream. The rake consists of a flat steel bar with copper tubes of 0.120-inch (0.305-cm) 
inside diameter silver soldered into drilled holes as shown in figure 6(c). The tubes, or 
probes, were located 0.5 inch (1.27 cm) apart and protruded more than 0.375 inch 
(0.953 cm) from the steel surface. 

Transient Heat-Transfer-Distribution Probe 

The heat-transfer -distribution probe is a 1.5-inch-diameter (3.81-cm) thin-wall 
inconel cylinder with a ratio of nose to body radius of 3.14 and a ratio of corner to body 
radius of 0.28. Thermocouples are located along the back surface of the probe as shown 
in figure 7. The wall thickness was measured at each thermocouple location. (Nominal 
wall thickness is 0.050 inch (0.127 cm).) 

Pressure-Distribution Probe 

The pressure-distribution probe is a 1.5-inch-diameter (3.81-cm) water-cooled 
copper cylinder with a ratio of nose to body radius of 3.14 and a ratio of corner to body 
radius of 0.28. Pressure orifices are located along the surface of the probe as shown in 
figure 8. (In the smallest nozzle a 1.0-inch-diameter (2.54-cm) probe with the same 
radius ratios was used.) 



TEST PROCEDURES 


Measurements in the Test Stream 

Measurements of arc current, cooling-water temperature rise, and so on, indicated 
that the system had reached equilibrium operating conditions by 30 seconds of run time. 
All measurements in the test stream were made after equilibrium operating conditions 
had been reached. Measurements of heating rate and pressure were made across the 
stream and also on a certain probe shape. Survey measurements of heating rate and 
pressure across the stream were not made in the 1.00-inch-radius (2.54-cm) nozzle 
because the diameter of the steady-state heat-transfer probe was the same as the nozzle 
radius. Measurements were made at various distances from each nozzle exit for each 
arc-heater operating condition investigated. These distances were a function of nozzle- 
exit radius Rg and, in general, were 0.4Rg, 0.8Rg, and 1.2 Re* 

Measurements of pitot pressure across the stream were made with a rake which 
was inserted into the stream and left long enough for each measurement to reach an equi- 
librium value as indicated by oscillograph traces. Stagnation-point heating rates across 
the stream were measured with the steady-state heat-transfer probe which was slowly 
inserted into the stream at a rate of about 0.29 in./sec (0.74 cm/sec) until it arrived at 
the geometric center line of the nozzle. The probe was then left at the center line for 
about 5 seconds before being retracted. 

Measurements of heating rate and pressure distribution on a specific model design 
were made by quickly inserting each model to the geometric center line of the nozzle. 

The measurements were made with the tunnel operating at three different arc- 
heater conditions which were felt to be representative of the achievable conditions with 
this system. 


Heating-Rate and Enthalpy Determination 

Heating-rate determination with the steady-state heat-transfer probe was accom- 
plished with the measured millivolt output and the earlier probe calibration. Heat- 
transfer rates were calculated on the transient heat-transfer probes at the thermocouple 
locations by using the rate of measured temperature rise of the back surface of the mate- 
rial. The heat-transfer-rate equation used was 


q 


per 


dT 

dt 
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The dT/dt part of the equation was obtained by recording temperature with respect to 
time and the remaining quantities are a function of material and location on the probe 
surface. The slope of the temperature trace was obtained after it became linear with 
time, usually after the wall temperature had reached about 300° F (149° C). 

The stream enthalpy along the nozzle center line was calculated by using measured 
values of pressure and heating rate and the heat-transfer theory of Fay and Riddell 
(ref. 4). 


RESULTS AND DISCUSSION 

In general, the overall system worked very well and good repeatability of arc- 
heater and test-stream conditions was obtained. A survey was made of the range of 
operation of the electric arc heater with air and the reported power supply and circuit 
arrangement. Representative conditions at which the arc-heater characteristics and test 
stream appeared most stable were selected for further exploration as reported herein. 

A more exhaustive study would undoubtedly show that the tunnel could be successfully 
operated at other heater conditions which do not deviate greatly from those reported in 
this paper. 


Arc Heater 

For the same preset conditions the arc heater will repeat power input from run to 
run within about 3 percent. Table I summarizes the arc-heater conditions that were used 
for the tests reported herein. The arc-chamber pressure shown was measured at the 
back of the rear electrode. (See fig. 2.) In reference 2, good agreement was reported 
for pressures measured at this point and those at a settling chamber just upstream of the 
nozzle entrance. The efficiency shown in table I is the ratio of the energy input to the 
test gas, as determined by an energy balance, to the power input to the arc. An indication 
of arc -heater stability is indicated by strip-chart-recorder traces of arc current and 
voltage for a typical run as shown in figure 9. 

Because of the initial weight of the electrodes and the relatively large amounts of 
electrode material loss at failure, accurate measurements of stream contamination have 
not been obtained. A rough estimate of stream contamination, however, is about 0.15 per- 
cent by weight. 

Erosion was more severe in the front electrode (cathode) than in the rear electrode 
(anode). Furthermore, the erosion in the front electrode occurred in a spiral pattern and 
in a ring pattern in the rear electrode. An interesting point is that imminent failure of 
the electrode due to erosion is not readily apparent by observation or measurement of its 
inside diameter when the heater is operated in the range of pressures reported here. 
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Apparently, as the copper wall becomes thinner, the high-pressure cooling water pushes 
the wall inward to maintain a nearly constant inside diameter. Figure 10 shows part of a 
front electrode that was sectioned before failure but after about 1.4 hours of intermittent 
operation. Another front electrode that was run until failure lasted for about 3.5 hours of 
intermittent operation. Figure 11 shows a sectioned part of a rear electrode that failed 
after about 3.9 hours of intermittent operation. These electrodes were used under the 
conditions shown in table I. 

One other source of trouble, although relatively insignificant, was the boron-nitride 
heat shield. After a few runs, one side of the heat-shield ring cracked, possibly because 
of expansion. However, the heat shield was continued in use for many runs before the 
other side of the ring broke and replacement was necessary. (See fig. 12.) 

Test-Stream Measurements 

Test-stream surveys .- In the two largest nozzles, surveys of stagnation pressure 
behind the normal shock p t 2 anc * stagnation cold-wall heating rate q across the test 
stream were made. These measurements were made from the center line radially out- 
ward to the edge of the stream. (This measurement was not made in the smallest nozzle 
because the probe sizes were large relative to the nozzle radius.) These measurements 
were made for each of the three arc-heater conditions listed in table I. Furthermore, 
for each condition the surveys were made at three different distances x from each 
nozzle-exit plane. The results of these measurements are shown in figures 13(a), 13(b), 
and 13(c) for the 3.82-inch-radius (9.7-cm) nozzle and in figures 14(a), 14(b), and 14(c) 
for the 2.30-inch-radius (5.84-cm) nozzle. In these figures the probe location with 
respect to the stream center line is presented on the abscissa as a ratio of the radial 
distance from the center line r to the nozzle-exit radius Rg. 

Both the p^2 anc * 4 curves have a plateau, or a reasonably constant part, that 
extends across at least 60 percent of the radius for all conditions and distances x for 
the 3.82-inch-radius (9.7-cm) nozzle. For the 2.30-inch-radius (5.84-cm) nozzle, the 
plateau extends across about 60 percent or more of the exit radius although it is not quite 
as constant as it is for the larger nozzle. For either nozzle a decrease in p^. 2 is evi- 
dent for a given tunnel condition as the distance from the nozzle x is increased; thus, 
some continuation in stream expansion after leaving the conical nozzle is indicated. 

Probe distributions .- The distributions of pressure and heating rate on a specific 
probe design were measured in each nozzle and for each of the arc -heater conditions 
listed in table I. These measurements were made with the probe located at the stream 
center line and at a distance from the nozzle exit x of 0.8Rj;. The probes used for 
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these measurements are shown in figures 7 and 8. (The probes used in the 1.00-inch- 
radius (2.54-cm) nozzle were of the same design but had a 1-inch (2.54-cm) diameter 
instead of a 1.5-inch (3.81-cm) diameter.) 

The results of the pressure measurements were compared with data that were 
obtained in a wind tunnel where the flow is known to be smooth and uniform (See ref. 5.) 
The results of the heating-rate measurements were compared with theory derived from 
reference 6. These comparisons are presented for all three nozzles and all three arc- 
heater conditions in figures 15, 16, and 17. Figures 15(a) to 15(c) are for the 3.82-inch- 
radius (9.7-cm) nozzle, figures 16(a) to 16(c) are for the 2.30-inch-radius (5.84-cm) 
nozzle and figures 17(a) to 17(c) are for the 1.00-inch-radius (2.54-cm) nozzle. In these 
figures the ordinate presents the pressure and heating-rate measurement made at a given 
point on the probe surface compared with that made at the probe center line. The 
abscissa presents the location of the point at which the measurement was made as a func- 
tion of the distance along the probe surface from the probe center line divided by the 
probe body radius. 

In general, the measurements compare very favorably with the theory of reference 6 
and the wind-tunnel data from reference 5. One exception noted throughout the heating- 
rate comparisons was that the theory indicated a peak heating rate at the point where the 
probe nose radius and corner radius met, but this peak was not indicated by the measure- 
ments. Heat conduction along the wall away from this point may account for some of this 
discrepancy. Also in the curves for the smallest nozzle (fig. 17) a distinct dip is noted, 
especially in the heating-rate data, at about one-half the probe radius. This may be 
related to some of the nonuniformity that can be seen in the stream survey measurements 
made in the larger nozzles. Overall, however, the test stream appears to be uniform and 
free from strong shocks. 

Values of stagnation-point heating rate and pressure at the stream center line for 
the 1.00-inch-radius (2.54-cm) nozzle are shown in table II. (Comparable values for the 
other two nozzles were included in figs. 13 and 14.) 

Stream enthalpy . - In figure 18 plots are shown of stream center-line heating rate 
and stagnation pressure behind the normal shock for all three nozzle stations; also shown 
are lines of constant enthalpy. The enthalpy was computed by using an approximate form 
of the Fay and Riddell equation (ref. 4) as follows: 



where the constant k is 0.0392 and R e jj is the effective nose radius of the probe which 
was related to a hemispherical probe by the relation 54 4 hemisphere = q flat face 
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(ref. 7). Different values of k can be found in the literature, reference 8, for instance, 
gives a value of k of 0.043 which was derived from the correlation of experimental data 
from several facilities with stream enthalpies from about 3000 to 35 000 Btu/lb (6.97 to 
81.4 MJ/kg). 

The points plotted on each figure indicate values of q and p^. 2 as measured at 
different distances x from each nozzle-exit plane. Figures 18(a), 18(b), and 18(c) are 
for the three arc-chamber pressures of 1.2 atm, 2.0 atm, and 3.3 atm, respectively. 
(Note: 1 atm = 1.013 x 10^ N/m2.) Corresponding arc-heater conditions can be found 

in table I. In any case a continual expansion of the stream after leaving the nozzle is 
indicated by the decreasing q and p t 2 as the distance from the nozzle exit x is 
increased. 

Overall, the indicated enthalpy range is from about 10 000 to about 13 000 Btu/lb 
(23.2 to 30.2 MJ/kg). Stagnation pressures behind the normal shock measured at the 
stream center line cover a range from about 0.03 to 0.72 atm and cold-wall heating rates 
range from about 200 to 903 Btu/ft^-sec (227 to 1025 W/cm2) on a 1-inch-diameter 
(2.54-cm) flat-faced probe. 

The effect of gas dissociation on heating-rate measurements was not taken into 
account in these figures. That part of the stream energy which is required for dissocia- 
tion is not available for heating and therefore the measured heating rate would indicate 
some value of enthalpy less than the true enthalpy if recombination did not occur behind 
the shock or at the probe surface. Most probe surface materials, especially metals, act 
as catalysts causing recombination of the dissociated gas to some degree. (See ref. 9.) 

In reference 8 this catalytic wall effect was investigated and it was concluded that for the 
range of conditions and the calorimeters used that the combined effects of nonequilibrium 
chemistry and surface catalysis were unimportant. In reference 10 it was indicated that 
for low-density, high-energy, nonequilibrium flows, errors in indicated enthalpy based on 
heating-rate measurements can be significant. Both of the above references included 
density and enthalpy values on the order of those reported in this paper. In reference 10 
an equation is presented which can be used to predict the effects of recombination due to 
catalytic -wall effects. By using this relation for the worst condition presented in this 
paper, an upward correction in the presented enthalpy of about 17 percent is indicated. 
This worst condition occurs at the highest enthalpy and lowest free-stream density. In 
these calculations it was assumed that the flow through the shock layer was frozen and 
that the Lewis number and Schmidt number each had a value of unity. The value of the 
catalytic reaction-rate constant for the probe wall was assumed to be 173.2 in./sec 
(440 cm/sec). This value was taken from figure 6 of reference 9 for a nickel surface. 
This assumption seems valid since good agreement of heating rate was obtained for this 
condition when the thin-wall stainless-steel calorimeter shown in figure 6 of this paper 
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was used as compared with a nickel-plated-copper slug calorimeter as described in ref- 
erence 11. Very little information is available concerning the catalytic reaction-rate 
constant for different materials and apparently the values vary for a specific material 
depending upon its cleanliness. 

Another effect on heating rate, and thus on the indicated enthalpy, is that due to 
shock-generated vorticity at low Reynolds numbers. (See, for example, ref. 12.) For 
the same conditions just considered, a Reynolds number behind the shock of about 1C>2 and 
a ratio of free-stream density to density behind the shock of about 0.17 were calculated. 

By using figure 5 of reference 12, a heating-rate, and thus an enthalpy, correction on the 
order of 13 percent is indicated. This correction is about the same as the correction due 
to noncatalytic-wall effects but in the opposite direction. Since these two corrections tend 
to cancel each other for these conditions, the uncorrected enthalpies indicated in figure 18 
are believed to reflect a reasonable representation of the actual conditions. 

When these types of calculations were made for the highest density and lowest 
enthalpy condition (highest arc-chamber pressure and smallest nozzle exit), no appreci- 
able corrections were indicated for either the noncatalytic-wall effect or the low Reynolds 
number effect. 

Calculated stream param eters and composition.- As an indication of free-stream 
conditions in each nozzle for the three reported heater operating conditions, table III pre- 
sents calculated values of several stream parameters. The area ratios shown are for the 
geometrical throat and exit size. The stream constituents and all parameters except vis- 
cosity and Reynolds number were calculated with the computer program of reference 13 
which considers nonequilibrium expansion of the gas in the nozzle. 

Other constituents considered were molecular oxygen, nitric oxide, the positive ion 
of nitric oxide, and electrons; however, these species accounted for 0.1 percent of the flow 
or less and therefore were not included in the table. The values shown in the table were 
rounded off to three significant digits. 

The viscosity for the mixture (based on the gas species shown in table III) was cal- 
culated by the method outlined in reference 14 and the individual specie viscosities 
required in this calculation were taken from reference 15. 

CONCLUSIONS 

The high-enthalpy arc tunnel at the Langley Research Center has been operated over 
an arc-heater pressure range from 1.2 to 3.3 atm (1 atm = 1.013 x 10^ N/m2) and air-flow 
rates from 0.02 to 0.08 lb/sec (9.07 to 36.3 g/sec) at power inputs from 757 to 1340 kilo- 
watts. Measurements made in three different size supersonic nozzle exits while the tun- 
nel was operated with the above conditions lead to the following conclusions: 
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1. Stagnation pressures behind the normal shock of 0.03 to 0.72 atm are available. 

2. Stagnation- point, cold-wall heating rates on a 1 -inch-diameter (2.54-cm) flat- 
faced probe of 200 to 903 Btu/ft^-sec (227 to 1025 W/cm2) are available. 

3. Test-stream enthalpies at the stream center line cover a range from 10 000 to 
13 000 Btu/lb (23.2 to 30.2 Mj/kg). 

4. The test stream is relatively free of strong disturbances and shocks. 

5. In the two largest nozzle exits (where profile measurements were made), the 
profiles of heating rate and pressure are reasonably flat across at least 60 percent of 
the test stream. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., April 24, 1969, 

124-07-01-47-23. 
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TABLE I.- SUMMARY OF ARC -HEATER CONDITIONS 


Arc -heater 
condition 

Arc-chamber 

pressure 

Air -flow 
rate 

Arc 

current 

Arc 

voltage 

Arc 

impedance 

Arc 

power 

Efficiency 

atm 

lb/sec 

g/sec 

amperes 

volts 

ohms 

kW 

percent 

1 

1.2 

0.02 

9.07 

2620 

289 

0.113 

757 

35 

2 

2.0 

.04 

18.1 

2600 

381 

.147 

991 

41 

3 

3.3 

.08 

36.3 

2310 

578 

.250 

1340 

51 
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TABLE IL- TEST-STREAM CENTER- LINE MEASUREMENTS OF 


STAGNATION- POINT HEATING RATE a AND PRESSURE 
IN THE 1.00-INCH-RADIUS (2.54-cm) NOZZLE 



q 


Pt,2 

X 

Btu 

W 

atm 


ft^-sec 

cm^ 


Arc-heater condition 1 


0.4R E 

760 

862 

0.280 

,8R e 

714 

810 

.249 

1.2R e 

657 

745 

.225 


Arc -heater condition 2 


0.4R e 

854 

967 

0.434 

•8R E 

840 

952 

.392 

1.2R E 

773 

876 

.346 


Arc-heater condition 3 


0.4R e 

903 

1025 

0.720 

•8R E 

869 

985 

.634 

1.2R e 

834 

945 

.589 


a Heating-rate values are for a 1 -inch-diameter (2.54-cm) 
flat-faced probe measured with the transient heat-transfer probe. 



TABLE HI.- SOME CALCULATED CONDITIONS 21 FOR THE HIGH-ENTHALPY 
ARC TUNNEL FOR THREE DIFFERENT NOZZLE EXITS 


(a) U.S. Customary Units 


Pt,l* 

atm 

(b,c) 

M 

H t > 

Btu 

lb 

V 

V oo? 

ft 

P oo’ 

slugs 

P=o’ 

_lb 

ft 2 

Too, 

°R 

NRe,«c» 

ft-1 

M oo) 

lb-sec 

Mole fraction of primary 
constituents 

sec 

ft 3 

ft 2 

N 

N 2 

O 

Ar 





Rjj] - 1.00 in. k; A/A m in - 

7.12 b ; T t = 

13 000° R c 





1.2 

3.78 

11 970 

13 580 

28.6 x lO" 7 

23.8 

3070 

3.28 x 10 4 

1.183 x 10-6 

0.508 

0.227 

0.259 

0.006 

2.0 

3.60 

10 890 

13 480 

48.1 

45.7 

3600 

4.90 

1.321 

.427 

.293 

.273 

.006' 

3.3 

3.44 

9 880 

13 420 

80.9 

86.1 

4270 

7.31 

1.486 

.339 

.366 

.288 

.006 





Re - 2.30 in. b; A/Am^n - 

37.7b; T t = 

13 000° R c 





1.2 

6.38 

11 970 

14 630 

4.86 x 10" 7 

1.67 

1230 

1.09 x 10 4 

0.653 X 10-6 

0.508 

0.227 

0.259 

0.006 

2.0 

5.94 

10 890 

14 670 

8.26 

3.34 

1530 

1.60 

.757 

.426 

.294 

.273 

.006 

3.3 

5.55 

9 880 

14 790 

13.90 

6.74 

1925 

2.32 

.884 

.337 

.368 

.288 

.006 





Rg - 3.82 in. b; A/A m i n - 

II 

,0" 

0 

13 000° R c 





1.2 

8.61 

11 970 

14 930 

1.73 x 10" 7 

0.337 

699 

0.642 x 10 4 

0.402 X lO" 6 

0.507 

0.228 

0.259 

0.006 

2.0 

7.91 

10 890 

15 000 

2.92 

.689 

892 

.827 

.523 

.426 

.295 

.273 

.006 

3.3 

7.27 

9 880 

15 180 

4.91 

1.421 

1163 

1.170 

.636 

.337 

.368 

.288 

.006 


Conditions calculated by assuming nonequilibrium flow. 

^Measured quantity. 

c Input to computer program. 




TABLE HI. - SOME CALCULATED CONDITIONS a FOR THE HIGH-ENTHALPY 
ARC TUNNEL FOR THREE DIFFERENT NOZZLE EXITS - Concluded 

(b) SI Units 


p t,l’ 

atm 

CM) 

M 

H t , 

MJ 

v 

’ COJ 

m 

^OO’ 

g 

Poo’ 

N 

T 

A OO 3 

o K 

N Re,°°> 

m-1 

r' oo> 

N-sec 

Mole fraction of primary 
constituents 

kg 

sec 

m 3 

m^ 

m^ 

N 

n 2 

O 

Ar 





r e = 

2.54 cm 

P; A/A m in - 7. 12 P; 

T t = 7200° K c 





1.2 

3.78 

27.8 

4140 

1.47 

1040 

1710 

10.75 X 10 4 

56.6 x lO- 6 

0.508 

0.227 

0.259 

0.006 

2.0 

3.60 

25.3 

4110 

2.48 

2190 

2000 

16.08 

63.3 

.427 

.293 

.273 

.006 

3.3 

3.44 

22.9 

4090 

4.17 

4125 

2870 

24.00 

71.1 

.339 

.366 

.288 

.006 





R e = 

5.84 cm 

b; A/A m i n - 37.7b; 

Tt = 7200° K c 





1.2 

6.38 

27.8 

4460 

0.250 

80 

684 

3.58 x 10 4 

31.3 x 10- 6 

0.508 

0.227 

0.259 

0.006 

2.0 

5.94 

25.3 

4470 

.426 

160 

850 

5.25 

36.2 

.426 

.294 

.273 

.006 

3.3 

5.55 

22.9 

4510 

.716 

323 

1070 

7.61 

42.3 

.337 

.368 

.288 

.006 





R e = 

9.7 cm^ 

■*; A/A m i n - 104 b; T 

t = 7200° K c 





1.2 

8.61 

27.8 

4550 

0.089 

16 

388 

2.11 x 10 4 

19.2 X 10-6 

0.507 

0.228 

0.259 

0.006 

2.0 

7.91 

25.3 

4570 

.151 

33 

495 

2.72 

25.0 

.426 

.295 

.273 

.006 

3.3 

7.27 

22.9 

4630 

.253 

68 

646 

3.84 

30.5 

.337 

.368 

.288 

.006 


Conditions calculated by assuming nonequilibrium flow. 

^Measured quantity. 

c Input to computer program. 
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Figure L- Overall schematic view of the high-enthalpy arc tunnel at the Langley Research Center. 
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Figure 2 .- Simplified cross-sectional view of arc heater. 
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Figure 3.- Electrical circuit diagram for arc heater and magnet coil, 
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(a) 3.82-inch-radius (9.70-cm) nozzle exit. L-66-2493.1 
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(b) 2.30-inch-radius (5.84-cm) nozzle exit. L-66-2491 
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(c) 1.00-inch-radius (2.54-cm) nozzle exit. L-67-6119.1 




diam = I in. (2.54 cm) 

■ Water tubes 



Copper leads 


Constantan-foil 

sensing area 


(a) Steady- state heat-transfer probe. 




(b) Transient heat-transfer probe. 



(c) Pressure rake. 

Figure 6.- Probes used for test-stream measurements. 
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Figure 7.- Transient heat-transfer distribution probe. 
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Figure 8.- Pressure-distribution probe. 
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Figure 9.- Typical traces from a strip-chart recorder for arc current and voltage at arc-chamber pressure of 2.0 atm. 
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Figure 10.- Sectioned part of front electrode (cathode) in arc attachment area. 
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Figure 11.- Sectioned part of rear electrode (anode) in arc attachment area. 
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Figure 12.- View of boron-nitride heat shield with initial crack. 
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(c) x = 1.2R E . 
Figure 14.- Concluded. 
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(c) Arc-chamber pressure, 3.3 atm. 
Figure 15.- Concluded. 
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Experimental data (ref. 5) 



(b) Arc-chamber pressure, 2.0 atm. 
Figure 16.- Continued. 
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(c) Arc-chamber pressure, 3.3 atm. 
Figure 16.- Concluded. 
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(b) Arc-chamber pressure, 2.0 atm. 
Figure 17.- Continued. 
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(b) Arfcchamber pressure, 2.0 atm. 
Figure 18.- Continued. 
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